Density functional theory (B3LYP/6-31G [d]) is performed to study the effect of molecular and electronic structures of the investigated b-secretase 1 (BACE1) Alzheimer's inhibitors on their biological activities and discuss the correlation between their inhibition efficiencies and quantum chemical descriptors. IC 50 values of the investigated compounds are mostly affected by the substituted R 2 phenyl moiety. The calculations show that the presence of electron withdrawing group increases the half maximal inhibitory concentration (IC 50 ). Structure-activity relationship studies show that the electronic descriptors, energy of high occupied molecular orbital, DE, lipophilicity, hardness, and ionization potential index, are the most significant descriptors for the correlation with IC 50 . Molecular docking simulation is performed to explain the mode of interaction between the most potent drug and the binding sites of the BACE1 target. A good correlation between the experimental and the theoretical data confirms that the quantum chemical methods are successful tools for the discovery of novel BACE1 drugs.
Introduction
Alzheimer's disease (AD) is ultimately a fatal form of dementia generally affecting people aged 60 and older. The disease progresses from mild cognitive impairment to profound dementia, loss of motor functions, and finally death. 1, 2 The formation of insoluble extracellular amyloid plaques by the accumulation of amyloid b peptide is one of the key pathological features in the brains of AD. 3, 4 Amyloid b peptide is generated by the proteolytic cleavage of the b-amyloid precursor protein (APP). b-secretase 1 (b-site APP cleaving enzyme-1, or BACE1) is one of 2 enzymes responsible for APP and is considered rate limiting in the proteolytic cleavage process. 5 The inhibition of BACE1 is considered as a promising therapeutic approach for the treatment of AD. 6 The identification of small-molecule inhibitors of BACE1 has been the focus of many pharmaceutical and academic groups worldwide for the past 20 years. [7] [8] [9] Recently, potent nonpeptidomimetic BACE1 inhibitors are described. 10 However, the successful design of inhibitors has been hampered by poor pharmacokinetic properties of peptidomimetic compounds associated with inhibitors of aspartyl proteases required to attain penetration of small molecules across the blood-brain barrier. 11 The protonation states of aspartyl proteases (ASP32 and ASP228) for BACE1 has been discussed using molecular dynamic simulation, which showed that the protonation states of residues are dependent on ligand binding. 12, 13 Although hydroxyethylamine (HEA) suffers from poor metabolic stability, it is found to be a potent inhibitor of BACE1. Although compound HEA exhibits a high affinity for BACE1 (2 nmol/L), it is rapidly metabolized by rat and human microsomes. Unfortunately, removal of the dipropyl amide results in a significant loss of affinity for BACE1. [14] [15] [16] The addition of computer-aided drug design (CADD) technologies to the research could lead to a reduction of up to 50% in the cost of drug design. 17 Designing a drug is the process to find or create a molecule with specific activity on a biological organism.
Quantum mechanical methods are becoming popular in computational drug design to estimate (relative) binding affinity and compute the binding interaction at the atomic level. The objective of the present work is to study the effect of substituents on the electronic structures and biological potency of the investigated inhibitors. Also, we will try to find a good correlation between quantum chemical descriptors and the efficiency of the investigated compounds.
Computational Methods

Quantum Chemical Calculations
In this study, the molecular structures of the investigated compounds are optimized initially with AM1 semiempirical method implemented in Gaussian 03 program package 18 to speed up the calculations, and the resulting optimized structures are fully reoptimized using density functional theory (DFT), 19 with the B3LYP hybrid functional, which is a combination of Becke's 3 parameters (B3) exchange functional 20 with the Lee, Yang, and Parr (LYP) correlation functional 21 and the 6-31G (d) basis set. The optimization of the structures together with the vibrational analysis of the optimized structures is calculated in order to determine whether they correspond to a maximum or a minimum in the potential energy curve, and no imaginary frequency is found, indicating minimal energy.
The molecular structures of the investigated inhibitors, the charge density of high occupied molecular orbital (HOMO) and low molecular orbital (LUMO), and molecular electrostatic potential (MEP) are visualized using GaussView program, version 5.
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Quantum Chemical Parameters
Using HOMO and LUMO orbitals energies, the ionization energy (I) and electron affinity (A) can be expressed as follows: I ¼ ÀE HOMO 24 proposed the global electrophilicity power of a ligand (o ¼ m 2 /2Z), which measures the stabilization of the system by accepting an additional electronic charge from the environment. Electrophilicity has the ability of electrophile to accept an electronic charge and the resistance of the molecule to exchange charge with the environment. The maximal electron flow between donor and acceptor (DN max ) is calculated from the equation:
Molecular Docking Calculations
Recently, X-ray analysis of the crystallographic structure of the BACE1 enzyme with the cocrystallized ligand was reported. 25 The optimized molecular structure obtained from DFT calculations are used as input file for conformational search using systematic search method. The lowest energy conformer is used for docking calculations. Our studies begin with the examination of the known structure obtained from the protein data bank (PDB code 2xfj with resolution 1.8 Å ). The native ligand was removed from the active site and then redocked into the binding site of its enzyme in order to characterize the binding pocket of BACE1 (the grid dimensions are x ¼ 24.39, y ¼ À0.53, z ¼ 30.13 Å , and the radius is 15 Å ). Schematic 2-dimensional representations of the docking results are generated using program for visualization (LIGPLOT). 26 
Results and Discussion
The Correlation of Quantum Chemical Parameters With the IC 50 of HEA-b Secretase Inhibitors Experimentally, 14 compounds are found to possess a good or moderate reactivity (inhibition of HEA-BACE1). It is shown from the experimental results that the presence of different substituents on the S 2 and S 3 moieties (Table 1) may create an additional binding interaction with hydrogen bond substituents in BACE1. 25 Accordingly, quantum chemical calculations are performed using DFT/B3LYP at 6-31G (d) basis set to investigate the effect of the molecular and structural parameters on the efficiency of the investigated inhibitors and predict the mode of interaction between that inhibitor and the b-secrete enzyme. The molecular structures of the investigated drugs together with IC 50 values are shown in Table 1 .
Quantum chemical parameters obtained from the DFT calculations, such as the energy of HOMO (E HOMO ), the energy of LUMO (E LUMO ), the energy gap DE, (E LUMO À E HOMO ), the dipole moment (DM), electronegativity (w 2 ), chemical potential (m), the softness (s), the electrophilicity index (o), the maximum electron flow from donor to the acceptor (DN max ), and the molecular volume, are represented in Table 2 . It is found experimentally that the compound 19d with fluoro atom at the position R 3 possesses a higher BACE1 affinity than 19c (Table 2 ). This could be explained from the calculated quantum chemical parameters which show that the presence of fluoro group (electron withdrawing group) decreases the LUMO energy of 19d (À1.360 eV) compared to that of 19c (À1.272 eV) and accordingly increases its electron affinity (EA) ( Table 2 ). This means that compound 19d could react as an electrophile with the BACE1 enzyme.
Electrophilicity is the descriptor of reactivity and is sufficient enough to describe the toxicity of the molecule. It is also provided with the direct relationship between the rates of reactions and the ability to identify the function of the capacity of an electrophile. It is observed from the calculations that the electron withdrawing substituent increases the o and accordingly increases the potency of 19d.
The maximum amount of electronic charge DN max acquired from the environment (donor) by an inhibitor (acceptor) is a reactivity index measured by the stabilization in the energy of the complex. The inhibitor 19d has higher DN max (À1.568 e) than 19c (À1.529 e; Table 2 ), which could allow the transfer and exchange of electrons and accordingly increases the reactivity of 19d as an electrophile.
DE is a function of reactivity, and decreasing the value of DE increases the reactivity of the inhibitors. The calculated small energy gap between HOMO and LUMO of 19d compound facilitates the transfer and exchange of electron, which leads to an increase its reactivity. This is in a good agreement with the experimental observation.
The polar molecules are distorted better than nonpolar molecules, so the polarity of the molecule is generally expressed in terms of DM. It is a physicochemical property of a drug candidate, which is widely used in medicinal chemistry as an index of lipophilicity and membranes. In general, the solubility of a drug substance in water increases with increasing DM. 27 It is obvious from the calculations that the presence of electron withdrawing group (fluoro group), 19d inhibitor, leads to a slight increase in its DM (7.629 D) and becomes more polarizable than inhibitor 19c (7.264 D; Table 2 ). This is also confirmed by the increasing value of log P, which may be responsible for increasing the IC 50 of compound 19d.
It is concluded from the abovementioned discussion that the calculated quantum chemical parameters confirm that 19d inhibitor has a higher affinity to BACE1 comparable to 19c inhibitor, which agrees well with the experimental observations.
The replacement of carboxamide group (CONH 2 ), in position R 2 , 19h inhibitor, with cyanide group (CN) as in the case of 19g inhibitor, leads to a high increase in the IC 50 . It is confirmed from the calculations that the presence of CN increases the HOMO energy of 19g inhibitor by about 0.035 eV, which leads to increase in the electron-donating ability and accordingly increases its IC 50 . Also, the LUMO energy is decreased by 0.343 eV, which means that the 19g inhibitor reacts as an electrophile. This leads to a high decrease in the value of DE of 19g by about 0.379 eV and accordingly increases its reactivity to interact with theBACE1 enzyme. Meanwhile, the presence of CN leads to a decrease in the DM (3.312 D) and show the hydrophobic nature of 19g.
It is found from the experimental results that the presence of propyl group instead of H-atom in position R 1 leads to a high increase in the IC 50 in case of 19e versus 19 g inhibitors (Table 2 ). This could be explained from the calculated quantum chemical parameters which show that the highest reactivity of the 19e inhibitor compared to 19g could correspond to the increase in HOMO energy and decrease ionization potential (IP) of 19e inhibitor by about (0.257 eV) and leads to a decrease in DE value of 19e to 3.994 eV, more than in the case of 19g compound, which indicates the increase in the reactivity of 19e compound.
The experimental data showed that the effect of substituent CN group instead of CH 2 CN group at R 2 position increases the potency of 19e with respect to 19f ( Table 1 ). This could be explained from the calculated quantum chemical parameters which show that the presence of CN group leads to a decrease in IP and LUMO energy (Table 2) , which means that 19e inhibitor could accept the electron from the enzyme. The DM decreases to be 2.919 D, which probably increase the lipophilic character of the 19e compound. This is confirmed from the calculated logP (4.87). Also, the increase in the electrophilicity and softness probably increases the IC 50 of 19e with respect to 19f compound (Table 2 ). According to the abovementioned discussion, we can order the potency as follows: 19a >19f >19g > 19h, which agrees well with the experimental expectations. The presence of electron withdrawing substituent such as a carboxyl group as in the case of compound 19l instead of (CON[Me] 2 , COOEt) groups as in the case of compounds 19m and 19n, respectively, leads to decrease in the IC 50 of inhibitors 19m and 19n. This could be explained by increasing the reactivity of 19l with lower DE value than those of 19m and 19n. Also, the presence of electron withdrawing group increases the LUMO energy and softness of 19l, which leads to the enhancement of the inhibition efficiency of the19l compound. It is shown that 19l has a lower DM which probably increases its lipophilic character. We conclude from the above that the potency is in order 19l > 19m > 19n, which is in a good agreement with the experimental results.
Frontier Molecular Orbital Densities
Frontier molecular orbitals (FMOs) are the most important orbitals that play an important role in the interaction. The charge density distribution of the HOMO level is highly localized on the substituted phenyl ring, m-methoxy group, and nitrogen atom for all investigated compounds except for 19k molecule, where the charge density is highly localized on the moiety that contains a phenyl ring with a substituted hydroxyl group, carbon atom of methylene group, and nitrogen atom. This means that these moieties could be considered as a nucleophilic site (electron donor) in the investigated compounds ( Figure 1 ; Supplemental Figure S1 ). Also, the calculations show that the charge density of the LUMO level is highly delocalized on the phenyl substituent in position R 2 , carbonyl group, and nitrogen atom for all investigated compounds which mean that these moieties could also interact with the enzyme as an electrophile (electron acceptor; Figure 1 and Supplemental Figure S2 ). It is concluded from FMOs that the substituents play an important role to enhance the affinity of the tested compounds toward the BACE1.
Molecular Electrostatic Potentials
Molecular electrostatic potential is a real physical property related to the electronic density and is used as a highly beneficial descriptor for the determination of electrophilic and nucleophilic sites as well as hydrogen-bonding interactions. Also, it is well suited for analyzing processes based on the recognition of one molecule from another as is in drug-receptor interaction. It is clear from Figure 1 and Supplemental Figure S3 that the negative region for the electrophilic attack is localized at oxygen atoms, which means that they are H-bond acceptor from the active site of the BACE1 enzyme. The positive region for the nucleophilic attack is at hydrogen atoms and most rest of the molecule, which means that they are H-bond donor from the active site of BACE1. This is important to generate an ideal docking pose of the drug within the binding pocket of BACE1 and to describe the IC 50 of the drugs. 
Molecular Docking Analysis
Docking computations are carried out to explore the probable binding conformations of a potential inhibitor to the receipt and to inspect significant interactions with the protein. Root mean square deviation value is calculated between the cocrystal (2xfj) and the redocked one to validate the docking reliability which is 0.72 Å . The value shows a very high reliability of the docking method to reproduce the experimentally binding mode of the investigated inhibitor (Figure 2 (Figure 3 ), it will reduce its activity and change the protein conformation. The calculations show that the inhibitor 19d form 13 hydrogen bond interactions with the catalytic amino acid residues of the receptor target ( Table 3 ). The quantities of hydrogen bond interactions indicate the ability of a tested compound to inhibit the protein target.
Ligand-Receptor Interactions
Our model system including the interacted amino acids and a bound ligand (19d) is shown in Figure 4 . H-bond geometries are reported as H-donor-acceptor angles. It should be noted that H-bond lengths are obtained considering H-acceptor distances. 28 Ligand-residue binding energies are calculated using Molegro Virtual Docker program. 29 Binding energies of inhibitor (19d) with individual amino acid residues surrounding the BACE1 binding site obtained from calculations are summarized in Figure 5 .
H-bonds are detected between Gln 134 and Thr 293 residues and amide nitrogen (N 4 -H) and carboxamide oxygen (O 2 ) of the ligand, respectively. Moreover, the oxygen atom of a hydroxyl group (O 1 ) is stabilized by 2 residues Asp 93 and Asp 289, which act as hydrogen bond acceptor. The stabilization of amide nitrogen (N 2 ) is due to a hydrogen bond interaction with Thr 292 residue which acts as hydrogen bond donor. The carbonyl oxygen (O 3 ) of the ligand is stabilized by Asn 294 residue. Also, the carbonyl oxygen (O 4 ) is stabilized by 2 residues; Gln 134 acts as hydrogen bond donor and Thr 133. In addition, amide nitrogen of Thr 293 contributed to 2 key H-bonds involving oxygen atom of a hydroxyl group (O 3 ) and carboxamide oxygen (O 2 ) of the ligand (Figure 3) . The molecular docking analysis shows 5 attractive hydrophobic contacts between the inhibitor 19d and Phe 169, Thr 292, Thr 293, Leu 91, and Ile 179 catalytic residues ( Figure  6 ). It is shown that the phenyl group in S 5 moiety is close to the side chain of Leu 91 and Ile 179 with distances of 2.44 and 2.33 Å , respectively. This phenyl moiety of inhibitor also provided a p-p stacking interaction with Phe 169 with distance of 2.8 Å . Meanwhile, the phenyl group in S 2 moiety of the inhibitor is close to the side chain of Thr 292 and Thr 293 residues with distances 2.74 and 2.89 Å , respectively. It is concluded from the abovementioned discussion that these kinds of interactions are responsible for the stabilization of protein-drug complex.
Structure-Activity Relationship
The ultimate aim of structure-activity relationship (SAR) study is to correlate the IC 50 of a series of compounds with some appropriate quantum chemical descriptors. 30 Different descriptors such as E HOMO , energy gap, ionization energy, hardness, softness, and lipophilicity (log p) are tested for SAR analysis. Figure 7 shows some representative plots of the correlations between the experimental IC 50 and some of the quantum chemical parameters. Herein, a good correlation with a correlation coefficient (R ¼ .69) is found between 1\log IC 50 and E HOMO . The IC 50 of the studied compounds increases as the energy of HOMO decreases. Lipophilicity descriptor (usually expressed as log P) represents the ability of a molecule to enter the cell membrane and contact with the interacting sites. Lipophilicity is related to the free energy change associated with the desolvation of a compound, as it moves from an aqueous phase to the biological part. This property is correlated well with 1\log IC 50 values of the studied compounds with an R value of .61. The equation contains HOMO energy with a high correlation coefficient that is used to estimate the predictive correlation coefficient (R pred ) by plotting a graph between the experimental and the predictive IC 50 values (Figure 8 ). R pred is 0.69, which indicates that this model describes 69% of the variance of IC 50 of the investigated molecules.
Quantitative Structure-Activity Relationship Using Multiple Linear Regression Analysis
Quantitative structure-activity relationship is a set of methods that try to find a mathematical relationship between IC 50 of a molecular system and a set of descriptors of molecules based on its geometric and chemical characteristics.
Objective feature selection uses the independent variables alone to filter out the nonuseful descriptors without using the dependent variables, and this procedure involves: All descriptors with the same values for the molecules are omitted. The input variables in multiple linear regressions (MLR) must not be highly correlated. Subjective feature selection searches for an information-rich subset of descriptors. Here, the dependent variable is -log IC50 (pIC 50 ) values that are considered in descriptor selection, and the subset of descriptors is used to map the set of molecular structure to the activity.
In order to explore more relevant descriptors contributing to the IC 50 of BACE1 inhibitors, MLR runs for several times by using molecular descriptors using material studio v.4.3 software. 31 One model was generated using a combination of different descriptors. We check the "intervariable correlation matrix" for the equation in the model. This parameter was used to filter off the equations that are showing intercorrelation among the descriptors, even though this equation shows a good statistical data. The best statistical significant data obtained from the model is represented in Table 4 .
The correlation matrix containing the descriptors derived from this model shows that there are no colinearity problems between descriptors (Table 4 ). The equation describing the IC 50 for this model contains the E HOMO , E LUMO , DM (electronic descriptors), and logp. The obtained statistical model has a correlation coefficient R (0.88), which supports the reliability and goodness of the model. The main points of interest from the abovementioned equation are as follows: E HOMO indicates the importance of electrostatic interactions of the ligand with an enzyme when a molecule acts as electron pair donor in bond formation; the electrons are supplied from the HOMO of the molecule. HOMO descriptor denotes the nucleophilicity of the molecules, and it has the highest positive coefficient in the equation, which indicates that the increase in the electron energy of the molecules increases the activity. Energy of low molecular orbital measures the electrophilicity of the molecule. The high positive correlation of LUMO with the IC 50 indicates that the electrondonating groups are favorable for the activity. Dipole moment and Logp are negatively correlated with the inhibition activity with a small coefficient.
The R pred is estimated by plotting a graph between the observed and the calculated pIC 50 values. Such correlation is shown in Figure 9 . R pred value is 0.88, and this is fairly high indicating the quality of this model.
Conclusion
It is concluded from the DFT calculations that the calculated quantum chemical parameters could explain the effect of substituents on the IC 50 of the investigated compounds, which is in a good agreement with the experimental observations.
The following conclusions are obtained:
1. It is shown from the calculations that inhibitors with good IC 50 have a variation in LUMO energies. Meanwhile, the charge density distribution of the LUMO level explains the role of the R 2 substituent for future drug design of new potent inhibitors for the BACE1 enzyme. 
Predicted IC50
Experemental IC 50 Predicted IC 50 =5.87448E-5+1.00017*X R=0.692 Figure 8 . The correlation between calculated 1\log IC 50 and predicted biological activity. R=0.879 Figure 9 . Graph for the actual versus predicted activities of the investigated compounds.
